( averaging capability. In a previous publication [C. S. Clay, J. Acoust. Soc. Am. 81, 660-664 (1987) 1, the basis for optimum signal transmission and source localization in a waveguide using time-domain techniques was described. In this present work a simple two-layer Pekeris -model with shallow water depth (20 m) and short range ( 1500 m) has been used to compute 0 EO image resolution and sidelobe suppression as a function of frequency bandwidth, number of modes, and the number of receivers in an array. The results indicate that source localization performance is most strongly dependent upon the bandwidth and number of modes available to carry the signal transmission. The physical mechanism for narrowing the source image and suppressing sidelobes is spatial averaging of the acoustic field due to variation of the horizontal wave numbers for the modes as a function of frequency. Improvements in mode sampling, by increasing the number of receivers, also reduced the level of sidelobes, but did not improve the resolution of the image.
INTRODUCTION
many frequencies and receiving arrays ought to work better than either technique alone. One of our purposes here is to In a series of recent papers, Clay'-3 has described the use explore the dependence of location performance of impulse of mat, hed filters and deconvolving filters to locate a tranholography on the number of receivers in an array. sient (or impulsive) source in a waveguide. His technique Impulse holography uses the actual data set recorded at uses the transmission from the source along the waveguide an array of hydrophones to reconstruct the wave fronts, and to one or two receivers. A matched filter is applied to the therefore the imaging operation does not require prior asreceived signal which, by reciprocity, is equivalent to the sumptions about the number and nature of the sources. The transmission of the time-reversed signal from the receiver source emissions can include impulsive, random, and periback to the source position. A mapping of the field in the odic sources. However, the acoustical properties and characwaveguide gives the source location. Both the numerical teristics of the waveguide must be known. The capability to studies and experiments showed that false locations and perform the appropriate acoustic propagation computations sidelobe ambiguities are serious problems. To improve resois also required. Time-domain imaging of this type is closely lution, the next logical step is to receive an impulsive transrelated to seismic imaging methods, and is known as migramission at an array of receivers and use more channels of tion in the literature of exploration geophysics. 4 7 information. The ensemble of time-reversed signals from the Clearly, the resolution of the source in the waveguide, array then constitutes an impulse hologram.' If one projects and the degree of sidelobe contamination, will strongly dethe time reversal of the signals from the array, one gets an pend on the acoustic environment and the waveguide strucimage of the source in the backward direction. Projection of ture. The more complex the waveguide environment is, the the impulse hologram in the forward direction continues the more uniquely a specific location within it may be defined. propagation in the waveguide. This uniqueness will generally improve the resolution of the Source imaging using impulse or time-domain holograsource and reduce the ambiguities due to sidelobes. Howphy is related to conventional matched-array filtering or ever, the increased complexity of the waveguide also makes matched-field source location techniques."' 6 Impulse hologit more difficult to isolate and analyzethe effects of individraphy uses many frequencies and one or two receivers while ual waveguide parameters on the matched-filtering process. -n'-hcd-ficld techniques use one frequency and many reIn order to better understand the nature and variability of ceivers. In a sense they are related by Fourier transformathis process we decided to adopt a simple waveguide model, tions. It seems reasonable to expect that the combination of so that we could investigate the optimum filter as a function of only a few parameters. Problems in source identification (a) TIME REVERSAL FOR EACH and location due to increased sidelobes were avoided by 
gation theory and correlation technique used in this study. Section II gives signal transmissions. Section III gives a loca-PRSBE tor and measure of performance. Section IV discusses the RECEIVER effects on the performance of the time-domain matched-filter technique of varying the bandwidth, mode, and number of receivers. This is followed by a summary of the conclusions drawn from the study. The normal mode formulation of the transmission probbered from I toNand are at the depthsz,,. (b) The time-reversed signals are lem was chosen because a set of eigenfunctions for each fretransmitted by transducers at the same locations as the receivers. quency is sufficient to compute the pressure fields everywhere. We believed that the numerical cost of making mode calculations at many frequencies would be lower than the U, (r,)
cost of making ray traces to many receivers. Actually the U = h nm pone oth waenmr computation times were larger than we expected. Even = horizontal component of the wave number, though it was necessary to compute the eigenfunctions only r,, = range from source to nth receiver, once, the subsequent calculation of the pressure fields still q,_ = excitation function,
proved costly because closely spaced frequencies were required to avoid difficulties due to "wrap around" effects in 4,, (z) = eigenfunction for source or receiver, the Fourier transformation process.
z, = source depth, and z,, = receiver depth. Referring to Fig. 1 , we follow the procedure outlined in Letting S(G) be the Fourier transformation of the source the introduction by first propagating a transient signal from signal s(t), the spectral amplitude of the pressure signal at the source to one or more receivers on the vertical hydrothe nth receiver is phone array; and then matched-filtering the received signals by time-reversing them and propagating them back along P,, (r,.,wo) 
the waveguide to the source location (or to positions adjaand the pressure signal is cent to the source location). We will compare these re-transmitted signals, with that re-transmitted and received at the p, (r,,,,t The source spectrum S(W) and the transmission function to the nth receiver T,, (r_,,,w,) 
The holographic image is formed by transmitting the time-reversed signal through the transmission function. The where z, and z, are suppressed in the notation for T,, but are image is mapped by numerically transmitting the time-reimplied by the argument r,, and versed signal to "probe receivers" at a set of ranges and depths, r,, and zP. In our numerical examples, the probe T. (r,,,,o) and T. (rp,,w) , summed over receivers. In our depth was chosen to be the same as the source depth so that following discussion we will use the term "correlation peak" we could concentrate on the range effects. The spectral amto mean the peak of the cross correlation of T,. (ri,, ,) and plitude of the pressure at the probe position is T,. (re, ,,o) . The Fourier integral can be replaced by the finite
Fourier summation by letting Tbe the duration of the signal and J be the number of samples. The sampling interval and
P, (rpan =S*(a)T*(rs.,a)T.(rp.,c).
(8) frequencies are
The substitution of the mode summations ( I ) gives a double summation where we use rn and m' as the summation inAt = T/J and t k = k At, (15) dices:
The equivalent summation for the finite Fourier series is
i-I,
The range information is carried in the product jO n= oT
where again T is the fundamental period.
and the depth information is carried in the product of the II. SIGNAL TRANSMISSIONS eigenfunctions, the dm (z,), etc. We note that, since the U and 0 functions appear together within the double summaThe geoacoustic environmental model used for this tion in (9), the range and depth information about the study is the two-layered liquid half-space model of Pekeris. "
source does not appear to be simply separable except by filThe model consists of a shallow isospeed water layer of unitering individual modes. form density overlying a faster, isospeed, semi-infinite fluid
The time domain pressurepp (rp. ,t) is the Fourier transbottom of uniform (and usually higher) density. The Peformation of the spectrum keris model is a widely used, well-understood standard model; and even though it is a simple model it does possess fea-
tures that are very similar to several matched-field f .
experiments that have been performed. Since the acoustic The expressions are evaluated numerically by using a finite wave functions within the waveguide are calculated analytior discrete Fourier transformation algorithm.
cally, without need for recourse to numerical techniques, the While the original pressure p(rp, ,t) may be a transient performance of the propagation calculations for the study is function of time, the finite Fourier transformations do a greatly facilitated. Thus, the two-layer Pekeris model is a "wrap iround" and "create" a periodic function good choice for present purposes. The parameters are given
p(rp,,t) = p(r,,,,t + T),
in Fig. 2 . No acoustic attenuation is included for either layer. The acoustic frequencies used vary from 54 to 878.5 Hz. In where T is the fundamental period of the Fourier transforthis waveguide, this frequency range gives rise to a minimum mation. Since the transmission is dispersive and the gioup of 1 mode and a maximum of 13 modes. The transmitted velocities decrease with increasing mode number, some presource spectrum is a boxcar function. The lower frequency liminary computations are needed to estimate signal travel times and durations. Commonly the fundamental period Tis chosen to be roughly twice the duration of the signal.
B. Array of receivers AIR
The comp'•:tations of p (rp,,t) 
known as the Pekeris model."' The source is at 13 m depth and 1500-m range from the receiving array. For single receiver transmissions, the receivWe note that the image function s,(t) is the convolution of erisat I0-m depth. Receivers orsensors are added at thedepths 9 and 1Oin, the source spectrum S(w) with the cross correlation of then 8 and II m. etc.. to 3 and 17 m.
limit is always 54 Hz and the bandwidth is increased by mov-1.00 ing the upper frequency limit only.
(a)
The source/receiver geometry within the waveguide is shown schematically in Fig. 2 . The source is placed at a 0.50 depth of 13 m and the hydrophone receivers are spaced 1 m -z 025 -apart on a vertical array 1500 m from the source. When only 0 //A one receiver is used to filter the signal transmitted by the 0 source, the central hydrophone at 10-m depth is chosen. Adm -025 -ditional receivers are incorporated into the filtering process -0.50 -by first adding the hydrophones immediately below and above the 10-m hydrophone (i.e., at 9 and 11 Im). Then those at 8 and 12 m are added; and then those at 7 and 13 m, and so -1.00
on. By this means the length of the receiving array is in- The transmission from an impulsive source to a receiver z 025 -is shown in Fig. 3 . Figure 3 An increase of the signal bandwidth to 825 Hz and 13 t=,-0.5 -modes gives the correlation shown in Fig. 4(b) . Spatial resolution in source location depends on the reduction of the 0 .correlation maximum as the probe receiver is moved away •-0 ;,from the matched position. 0025 simple locator. A typical location curve is shown in Fig. 6. 
a0
.
• The bandwidth used for this example is 192 Hz. All available -.0025 -propagating modes are used to carry the signal information. This example also uses a fuil 14-m length, 15-hydrophone array of primary receivers. The source depth is 13 m and the -.0075 source range is 1500 m from the array.
-.0100
The curve shown in Fig. 6 clearly indicates a main peak at the correct range. On either side of the main peak, how-.0100 (b) ever, are two large sidelobes. We can see that the right-hand .0075
sidelobe has a peak-height of -0.95, which makes it a seri-0050 -ous ambiguity when attempting to identify and localize the 02 of the main peak with height slightly less than 0.9. There are also numerous sidelobes with heights -0.7-0.9.
• .0025- the range window displayed. This applies not only to this and others will add destructively. The positions of the sideexample, but for several other cases considered in this work. lobes will vary with frequency. With many frequency comIn order to be able to quantify the width of the central peak, ponents and modes, the sidelobes will tend to small values. it was decided to measure the width between points at 0.85 of The effect of broadening the bandwidth upon source the maximum value. The two points are indicated in Fig. 6 . resolution must be carefully distinguished from that of raisThe curves were drawn by connecting data points, spaced ing the number of normal modes available to carry the signal every 12.5 m in range, with a series of short, straight-line information. At higher frequencies the number of normal segments. The 12.5-m spacing was adopted to reduce the modes that the waveguide is able to support is greater when a computational cost of doing the problem; but the coarseness new mode is initiated. This, of itself, will improve the averagof the grid makes accurate measurement of the peak-width ing capability for signal enhancement. In this work we want difficult. To overcome this difficulty, and allow a reliable to maintain the distinction between these, and to isolate their and consibtent determination of the peak width and peak-toindividual effects upon the averaging process. In this section sidelobe ratio, a 5-point smoothing filter was applied to the we are concerned with increasing the frequency only; so we location function data for every case. The location function will sometimes encounter the somewhat artificial situation was computed over a much finer grid spacing for compariof having a broad frequency band, but deliberately restrictsons with the smoothed function. Good agreement was obing the number of modes below that which the waveguide served between the finer grid data and the smoothed funccould support at the high-frequency end of the spectrum. tion. Both the peak-width measurement and the smoothing Such a procedure would have a practical application in the procedures were applied identically to the data sets for all use of specially designed arrays to filter and propagate highcases.
frequency signals through the waveguide using only selected modes. Sidelobes occur where two or more modes interfere con-IV. LOCATOR TESTS OF SIGNAL BANDWIDTH, MODES structively at a given range and depth. If modes n and m have AND ARRAYS horizontal wave numbers K. and K,_, respectively, then the The main peak width and peak-to-sidelobe ratios were interaction between them is defined by the wave-number difobtained and investigated as a function of: (a) frequency ference AK.,,, = K,, -Km I. This has an associated interacbandwidth; (b) number of propagating modes; and (c) tion distance (or wavelength) A.,_ = 2r/AK.,,,. Sidelobes number of hydrophone receivers, arising from the interference of modes 1 and 2, for example, will be spaced apart in range by an amount A 2 and so on.
In Fig. 7 we see displayed the variation of AK_ 2 , AK-3 ..... A. Frequency bandwidth AK,,, as a function of frequency, for the waveguide under Improvements in peak resolution and peak-to-sidelobe consideration. In the figure we see that the AK,_ curve starts ratio, as a result of broadening the frequency bandwidth at a frequency of about 100 Hz (when mode 2 is initiated and available for carrying the signal, are based upon the expectaavailable to interfere with mode 1). The AKt, starts at about tion that additional frequency components will add con-170 Hz, when mode 3 is initiated, etc. We note that in all the structively at the (matched) source !ocation and destruccurves displayed the value of AK falls asymptotically from an tively away from the matched location. This should improve initial high value to a limit at high frequency which is differthe definition of the source peak, by making it narrower and ent for each pair of modes. The improvement in source resosharper and also reduce the height of sidelobe ambiguities. lution obtained by frequency averaging is due to the corre- Figure 4 shows this effect. Increasing the bandwidth of the sponding variation in AK,,,, for the various pairs of modes boxcar source frequency spectrum, from 192 to 825 Hz, significantly sharpens and narrows the correlation maximum. (nm) over the frequency range chosen. In Fig. 7 Ax, 2 , for of the signal difficult. Clearly, the narrow bandwidth used in example, falls from an initial value of about 0.055 m -' at this example is not sufficient to broaden and reduce the side-100 Hz to 0.009 m -' at 878.5 Hz. This corresponds to an lobe level, and thus does not serve to effectively enhance the increase in the interaction distance A , from 114 to 698 m resolution of the signal peak. over the same bandwidth, which should promote a significant degree of sidelobe suppression.
C. Arrays The effects of insufficient frequency averaging are readiThe problem of using more than one receiver in the ly seen in the following example. Figure 8 shows the signal waveguide is more subtle than it might seem at the outset. By location function for a 192-Hz bandwidth (54-246 Hz) sigthe nature of the solution ( 1 ), a sensor at depth z. senses all nal, which is emitted from a source placed in the water close modes except the modes for which 0,, (z,) = 0. A sensor at a to the water/bottom interface (i.e., near 20-m depth) and different depth can sense that mode and increase the inforreceived by a hydrophone at depth 12 m. The source is mation. When all modes are sampled at all frequencies, the placed near to the boundary in order to couple more energy addition of more sensors in the array does not appreciably into the higher modes. We see several rapidly varying sideincrease the amount of information. Improvement of source lobes on either side of the signal peak, due primarily to the location by increasing the number of receivers in an array interaction of modes 1, 2, and 3, which all have significant depends on the number of modes that are propagating and levels of excitation. Mode 4 is also quite highly excited, but the frequency range. only appears at 238.5 Hz and therefore does not -lay an
The performance of the locator defined by (18) has at important part in the location process over the chosen freleast two dimensions or measures. The width of the correlaquency band. Figure 7 indicates that the average value of tion maximum and the relative heights of sidelobes or ambi-AK, 2 , over the frequency range in which both modes 1 and 2 guities are the more obvious measures. These measures are are active, is =3.95 X 10-2 m -'. This corresponds to an not orthogonal because the width of the correlation maxiaverage value Of A 2Z 159 in. Figure 8 clearly shows two mum at the matched position and relative sizes of the sidesidelobes, one on either side of the signal peak and 160 m lobes appear to be interrelated. We have chosen to display from it (labeled "A"). These arise directly from the interacthe width of the correlation maximum at the matched location of modes 1 and 2. The spacing is 160 m, rather than 159 tion versus the ratio of the maximum of the sidelobes to the m, because the sampling interval in the data is 10 m. Similarmaximum of the correlation at the matched position as prely, the two sidelobes labeled "B" arise from the interaction of dicted by (18). The parametric variables are the frequency modes 2 and 3. The average value of Ax, 2 3 5.95 X 10-2 bandwidth, number of modes, and number of sensors. I , giving A 23 = 106 m. Figure 8 shows the two sidelobes
The locator performance for a single receiver is shown in 120 m on either side of the signal peak. This is more than one Fig. 9 . The variables are the signal bandwidth and the numsan.pling interval greater than the calculated value; but is ber of modes. The maximum number of modes is limited by still well within the range of values spanned by the data in the upper frequency limit. Starting on the upper right of the Fig. 7 . The two sidelobes labeled "C" arise from the interacfigure the highest frequency is 192 Hz, corresponding to a tion of modes 1 and 3. The average value of bandwidth of 138 Hz. Here the performance is poor. As the AK,,=9.25 X 10 -2 m -', which gives A, 3 = 6 8 m. The "C" sidelobes are 70 m on either side of the signal peak.
The "A," "B," and "C" sidelobes are distinct, sharp and sufficiently close to the signal peak, in both position and 80 peak value, to make accurate identification and localization the circles downward and to the left.
upper frequency limit (and the bandwidth) is increased in range to 825 Hz put the set of locator performances in a 25-Hz increments, the points move downward and to the better region. As the number of sensors increased from 1 to left. The number of modes also increase as the frequency 15, the sidelobe-to-peak ratio decreased from about 0.8 to limit increases. The solid circles and numbers indicate points 0.55 and the width decreased from about 50 to 40 m. The at which new modes have been added. Although the perforsame types of computations for all modes gave sidelobe to mance improves as the frequency bandwidth increases, the peak ratios of about 0.73 for 1 sensor and 0.5 for 15 sensors in sidelobe to peak ratio is high, about 0.72 at 842 Hz. The the array. The widths of the correlation maxima decreased width of the maximum decreases from about 72 to 36 m. The from about 37 to 30 m. poiits in Fig. 9 do not fall on a perfectly smooth curve, due to V. CONCLUSIONS the relatively coarse range sampling interval used to plot the locator function, which was chosen to make the computaSource location in a simple uniform waveguide is diffitions tractable. Estimation of the peak width and maximum cult. The sidelobes are large and the correlation maximum is sidelobe level from the resulting plots [see, for example, Fig. wide. The most effective way to improve locator perfor-6(b) I led to small fluctuations in these quantities. mance is to increase the signal bandwidth. Increasing the Clearly the signal frequency bandwidth and the number number of modes gives some improvement but no "quantum of modes are the primary determinants of locator perforleaps" occur in either reduction or width of the maximum. mance. Our question is how much improvement can we exIf adequate frequency and mode bandwidths are availpect by increasing the number of sensors in the array. We able, more sensors in the array improve both sidelobe reduchave chosen to concentrate on two frequency bands, 192 Hz tion and reduction of the width of the maximum. (Blackwell, Oxford, 1985) . O .= iB
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